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It is becoming increasingly apparent that many viruses employ multiple receptor molecules in their cell entry
mechanisms. The human enterovirus coxsackievirus A21 (CAV21) has been reported to bind to the N-terminal
domain of intercellular adhesion molecule 1 (ICAM-1) and undergo limited replication in ICAM-1-expressing
murine L cells. In this study, we show that in addition to binding to ICAM-1, CAV21 binds to the first short
consensus repeat (SCR) of decay-accelerating factor (DAF). Dual antibody blockade using both anti-ICAM-1
(domain 1) and anti-DAF (SCR1) monoclonal antibodies (MAbs) is required to completely abolish binding and
replication of high-titered CAV21. However, the binding of CAV21 to DAF, unlike that to ICAM-1, does not
initiate a productive cell infection. The capacity of an anti-DAF (SCR3) MAb to block CAV21 infection but not
binding, coupled with immunoprecipitation data from chemical cross-linking studies, indicates that DAF and
ICAM-1 are closely associated on the cell surface. It is therefore suggested that DAF may function as a
low-affinity attachment receptor either enhancing viral presentation or providing a viral sequestration site for
subsequent high-affinity binding to ICAM-1.

Virus-cell receptor interactions are a major determinant of
viral host range specificity, and the identification of specific
viral receptors has greatly increased our understanding of viral
pathogenesis. However, in recent years it has become appre-
ciated that viral cell attachment and subsequent transfer of
viral genomes across the cell membrane are frequently more
complex events than previously thought. Several viruses have
now been shown to enter cells via receptor complexes rather
than by individual cell surface molecules. Virus-receptor com-
plexes are postulated to consist of distinct virus attachment and
virus internalization components; e.g., human immunodefi-
ciency virus can bind to human CD4 (27) or galactosyl cer-
amide (3) but requires the coexpression of the chemokine
receptor fusin (15, 24) or CC-CKR-5 (13, 14) for cell entry, and
adenovirus type 2 attaches to cells via an unknown primary
receptor but requires the presence of integrin avb3/b5 for cell
entry (41). Measles viruses can bind either to membrane co-
factor protein CD46 or to the membrane-organizing external
spike protein moesin; coexpression of both molecules results in
a more productive infection (37). The cell attachment and
internalization of the human enterovirus coxsackievirus B3
(CVB3) is thought to employ a receptor complex consisting of
decay-accelerating factor (DAF; CD55) and an as yet uniden-
tified 49.5-kDa protein (2, 11, 38).

Against this background, we questioned whether coxsack-
ievirus A21 (CAV21) requires multiple receptor molecules to
initiate productive cell infection. CAV21, a human picornavi-
rus, is a known causal agent of upper respiratory infections and
considered to be a possible recombinant between poliovirus
and rhinovirus (21). CAV21 shares a cellular attachment re-
ceptor with the major group rhinoviruses: intercellular adhe-
sion molecule 1 (ICAM-1) (7, 26, 39). Recently, we have shown

that anti-ICAM-1 domain 1 monoclonal antibodies (MAbs)
can block CAV21 replication in HeLa-B cells at a low virus
input multiplicity (102 50% tissue culture infective doses
[TCID50]/well) (39). However, the present study was initiated
by the finding that anti-ICAM-1 (domain 1) MAbs only par-
tially blocked CAV21 lytic infection at higher CAV21 input
multiplicities (103 to 104 TCID50/well), suggesting that addi-
tional cellular receptors may be involved in CAV21 cell entry.

Recently, DAF has been identified as a cell attachment
receptor for a number of hemagglutinating enteroviruses (1, 2,
6, 22, 38, 40). DAF is a complement regulatory protein ubiq-
uitously expressed on most mammalian cells, including eryth-
rocytes, and consists of four tandem copies of an approxi-
mately 60-amino-acid structural motif, containing conserved
cysteine, proline, glycine, phenylalanine/tyrosine, and trypto-
phan residues, termed short consensus repeat (SCR) (33).
Following the four SCRs, the molecule possesses a serine/
tyrosine-rich region of approximately 70 amino acids, followed
by a carboxyl-terminal domain that acts as the signal for the
attachment of a glycosylphosphatidylinositol anchor (33). The
human enteroviruses echovirus type 7 (E7) and CBV3 bind to
a region which is on or near the third SCR of the DAF mol-
ecule (1, 2, 6, 38). As CAV21 has been reported to agglutinate
erythrocytes (20) and to have its replication blocked by a MAb
raised against a HeLa cell surface protein that also blocks the
replication of a number of hemagglutinating enteroviruses
(11), we investigated whether DAF was involved in CAV21 cell
attachment and entry.

Here we show that CAV21 binds to DAF as well as ICAM-1.
Complete antibody blockade of virus binding to cells express-
ing both receptors required the combined use of MAbs to both
DAF and ICAM-1. Interestingly, blocking of viral binding with
a panel of anti-DAF MAbs showed that, uniquely among
DAF-binding enteroviruses described to date, CAV21 binds to
SCR1. However, although both DAF and ICAM-1 appear to
cooperate in viral binding, our experiments indicate that
ICAM-1 expression is required for the completion of a suc-
cessful CAV21 lytic infection.
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MATERIALS AND METHODS

Cells and viruses. E7 (Wallace), poliovirus type 2 (Sabin) (PV2), and CVA21
(KuyKendall) were obtained from Margery Kennett, Enterorespiratory Labora-
tory, Fairfield Hospital, Melbourne, Victoria, Australia. Human rhinovirus type
14 (HRV14) was obtained from the American Type Culture collection. All
viruses were grown in HeLa-B cells. Rhabdomyosarcoma (RD) and HeLa-B cells
were obtained from Margery Kennett; HEp2 cells were obtained from the Com-
monwealth Serum Laboratories, Parkville, Victoria, Australia; and Chinese ham-
ster ovary (CHO) and CHO-DAF cells were obtained from Bruce Loveland,
Austin Research Institute, Heidelberg, Victoria, Australia. COS cells were ob-
tained from Andrew Boyd, Walter and Elisa Hall Institute, Melbourne, Victoria,
Australia.

Antibodies. The anti-ICAM-1 MAb WEHI (4) was obtained from Andrew
Boyd. The anti-DAF MAbs IA10, VIIIA7, and IIH6 (23) were generous gifts
from Taroh Kinoshita, Department of Immunoregulation, Osaka University,
Osaka, Japan, and MAb IH4 (9) was obtained from Bruce Loveland. The anti-
poliovirus receptor (PVR) MAb 280 (30) was supplied by Philip Minor, National
Institute of Biological Standards and Control, Potters Bar, United Kingdom. The
anti-CD36 MAb VM58 (28) and anti-VLA2 MAb (AK7) were obtained from
Michael Berndt, The Baker Institute, Melbourne, Victoria, Australia.

Radiolabeled virus binding assays. Viruses were radiolabeled in Dulbecco’s
modified essential medium (DMEM) containing [35S]methionine and purified by
velocity centrifugation in 5 to 30% sucrose gradients as previously described (38).
HEp2, HeLa-B, and RD cell monolayers in 24-well plates were preincubated
with MAbs (20 mg), washed, and then incubated with radiolabeled viruses (2 3
104 to 5 3 104 cpm) in serum-free DMEM for 1 h at 37°C. Following three
washes, the cell monolayers were dissolved in 200 ml of 0.2 M NaOH–1.0%
sodium dodecyl sulfate (SDS), and the amount of labeled virus bound was
measured by liquid scintillation counting.

For virus binding assays following phosphatidylinositol-specific phospholipase
C (PI-PLC) treatment, cells were removed from monolayers by using an EDTA
solution, resuspended in DMEM containing 1.0% bovine serum albumin and 150
mM 2-mercaptoethanol, and divided into two portions, one of which received
PI-PLC (1.0 U per 5 3 106 cells) (Sigma Chemicals, Sydney, New South Wales
Australia). Both cell suspensions were incubated at 37°C for 1 h and then
washed, and 4 3 105-cell aliquots were placed into Eppendorf tubes prior to
incubation with radiolabeled virus.

Virus infectivity assay. Cell monolayers in 96-well plates were inoculated with
50 ml of serial dilutions of the viruses for 1 h at 37°C, then 200 ml of DMEM
containing 1.0% fetal calf serum (DMEM-FCS) was added to each well, and the
plates were incubated at 37°C for 48 h. To quantitate cell survival, monolayers
were incubated with a crystal violet-methanol solution and washed with distilled
water, and the plates were read on a multiscan enzyme-linked immunosorbent
assay plate reader (Flow Laboratories) at a wavelength of 540 nm. Fifty percent
endpoint titers were calculated by the method of Reed and Muench (34), where
a well was scored as positive if its absorbance was less than the no-virus control
minus 3 standard deviations (SD).

For assessing MAb blockade of virus-mediated cell lysis, cell monolayers in
96-well plates were incubated with 50 ml of MAb (20 mg/ml) for 1 h at 37°C prior
to the addition of 104 TCID50 CAV21 and quantitation of cell lysis by the
procedure described above.

For cell lysis assays with PI-PLC treatment, monolayers of transfected RD
cells in microtiter plates were incubated with either DMEM-FCS [(2) PI-PLC
cells] or DMEM-FCS containing PI-PLC at 1.0 U per 5 3 106 cells [(1) PI-PLC
cells] for 1 h at 37°C. The cell monolayers were then washed with phosphate-
buffered saline (PBS), and 50-ml aliquots of the stock viral dilutions were added
to the appropriate wells. Following incubation at 37°C for 1 h, 50 ml of DMEM-
FCS was added to each well of the (2) PI-PLC cells, while 50 ml of DMEM
containing PI-PLC (1.0 U per 5 3 106 cells) was added to each well of the (1)
PI-PLC cells. Microtiter plates were then incubated for 24 h at 37°C, and cell
survival was assessed as described above.

Cell transfection. CHO, COS, and RD cells in the exponential phase of growth
were trypsinized, washed, and resuspended in electroporation buffer (20 mM
HEPES [pH 7.05], 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 6 mM glucose)
at a concentration of 5 3 106 to 1 3 107 cells/ml. Aliquots (500 ml) of the cells
were mixed with 75 mg of pEF-BOS (31) containing the cDNA encoding DAF,
ICAM-1, or CD36 in electroporation cuvettes (Bio-Rad, Richmond, Calif.) and
pulsed at 300 V and 250 mF with a Bio-Rad gene pulser. Cells were then used to
seed either 24- or 96-well tissue culture plates and incubated for 48 h at 37°C to
form confluent monolayers. The DAF cDNA was obtained from Anthony
D’Apice, Clinical Immunology, St. Vincent’s Hospital, Melbourne, Victoria,
Australia; the ICAM-1 cDNA was obtained from Imperial Cancer Research
Fund, David Simmons, John Radcliffe Hospital, Oxford, United Kingdom; and
the CD36 cDNA was obtained from Andrew Boyd. Surface protein expression by
the transfected cells was monitored by indirect immunofluorescent staining an-
alyzed with a FACStar analyzer (Becton Dickinson, Sydney, New South Wales,
Australia) as described previously (38).

Surface biotinylation, chemical cross-linking, and immunoprecipitation. Cells
(5 3 106) were detached from the surface of plastic tissue culture flasks by using
an EDTA solution and washed once in PBS. Washed cells were resuspended into
3 ml of biotinylation buffer (10 mM sodium borate [pH 8.8], 150 mM NaCl).

Biotinamidocaproate N-hydroxysuccinimide ester was added to 50 mg/ml, and
the sample was placed at room temperature for 15 min. The reaction was
terminated by the addition of NH4Cl to 10 mM. Cells were washed twice in PBS
and resuspended in buffer A (138 mM NaCl, 2.9 mM KCl, 0.5 mM MgCl2, 12
mM NaHCO3, 0.3 mM NaH2PO4, 5.5 mM glucose, 10 mM HEPES [pH 7.4]). To
determine spatial-functional associations within the biotinylated cell membranes,
the cells were exposed to the membrane-permeable, cleavable, homobifunctional
chemical cross-linking agent DSP (dithiobis [succinimidylpropionate]) (1 mM)
for 60 min at room temperature. The reaction was stopped by the addition of
Tris-HCl (pH 7.4) to 50 mM. Surface-labeled, cross-linked cells were washed
twice in PBS before lysis in buffer B (1% Triton X-100, 150 mM NaCl, 2 mM
EDTA, 50 mM Tris-HCl [pH 7.4], 10 mg of soybean trypsin inhibitor per ml, 2
mM phenylmethylsulfonyl fluoride, 20 mM iodoacetamide). Cell lysates were
placed on ice for 60 min and then centrifuged at 15,000 3 g for 15 min to remove
detergent-insoluble material. Soluble lysates were precleared with rabbit anti-
mouse immunoglobulin G coupled to Sepharose 4B (RAM-Sepharose). In some
experiments, preclearing with transferrin directly coupled to Sepharose 4B was
performed in addition to RAM-Sepharose. Specific proteins were then precipi-
tated with the appropriate antibody, followed by RAM-Sepharose. Immune
complexes were washed three times with lysis buffer and resolved (reduced) by
SDS-polyacrylamide gel electrophoresis. Resolved proteins were electrophoreti-
cally transferred to nitrocellulose membranes. Streptavidin-biotin-horseradish
peroxidase complexes were used to probe the membrane, and labeled proteins
were visualized by using enhanced chemiluminescence (Amersham Life Sci-
ences, Amersham, United Kingdom).

RESULTS

Inhibition of CAV21 cellular attachment by MAb blockade
and PI-PLC treatment. To determine whether CAV21 used
ICAM-1 as its sole attachment receptor, we investigated
CAV21 binding to human carcinoma cell lines that differed in
levels of ICAM-1 expression. The fluorescence histograms
shown in Fig. 1A indicate that HeLa-B cells express signifi-
cantly more ICAM-1 than HEp2 cells, while both lines express
similar levels of DAF. To analyze these molecules at the level
of virus binding, confluent monolayers of each cell line were
incubated with purified [35S]methionine-labeled preparations
of either E7, which binds DAF (2, 6, 40), HRV14, which binds
ICAM-1 (8, 18), or CAV21. As expected, E7 bound equally to
both lines, while HRV14 bound to HEp2 cells at only 20% of
the level observed for HeLa-B cells (Fig. 1B), reflecting the
lower levels of ICAM-1 on this cell line. However, unexpect-
edly, CAV21 bound equally to both cell lines (Fig. 1B).

To further examine the nature of the CAV21 cell attach-
ment, virus binding following anti-DAF and ICAM-1 MAb
blockade was undertaken. The results shown in Fig. 1C, indi-
cate that the anti-DAF SCR3 MAb (IH4) blocked E7 binding,
while the anti-ICAM-1 domain MAb (WEHI) significantly re-
duced HRV14 attachment to HeLa-B cells. Surprisingly,
CAV21 binding was unaffected by pretreatment of HeLa-B
cells with either MAb. The anti-PVR MAb 280, used as a
negative control, was unable to reduce the binding of any of
the viruses. These findings suggested that CAV21, in the pres-
ence of ICAM-1 receptor blockage, can attach to an alternate
receptor.

To investigate whether DAF may play a functional role in
CAV21 cell binding, HeLa-B and HEp2 cells were pretreated
with PI-PLC. This enzyme cleaves molecules with a glyco-
sylphosphatidylinositol cell anchor, including DAF, releasing
them from the cell surface (12). Each cell type was preincu-
bated in the presence or absence of PI-PLC and then incu-
bated with purified [35S]methionine-labeled E7 or CAV21.
The data shown in Fig. 2A reveal that PI-PLC treatment abol-
ished E7 binding to both lines; however, whereas CAV21 bind-
ing was reduced on HEp2 cells, binding to HeLa-B cells was
unaffected. This result suggested that on HeLa-B cells that
express high levels of both ICAM-1 and DAF, CAV21 can bind
to either molecule, whereas in the absence of DAF on the
PI-PLC-treated HEp2 cells, binding is significantly reduced
due to a lower level of ICAM-1.
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To substantiate the notion that CAV21 could bind to either
ICAM-1 or DAF on HeLa-B cells, PI-PLC-treated cells mono-
layers were incubated either with MAb 280 (anti-PVR), as a
control, or with MAb WEHI (anti-ICAM-1) prior to exposure
to radiolabeled E7 or CAV21. In this instance (Fig. 2B), fol-
lowing the removal of DAF, the anti-ICAM-1 MAb signifi-
cantly reduced CAV21 binding. As was previously observed,
E7 cell attachment was abolished by PI-PLC treatment.

Identification of the CAV21 binding domain on DAF as
SCR1. To confirm that CAV21 bound directly to DAF, we
measured viral binding to CHO cells transiently expressing
either ICAM-1 or DAF. Flow cytometric analysis revealed that

approximately 25% of the transfected cell populations ex-
pressed detectable levels of either DAF or ICAM-1 (data not
shown). The results (Fig. 3) show that CAV21 bound to CHO
cells expressing either DAF or ICAM-1.

FIG. 1. Anti-DAF and anti-ICAM-1 MAb and viral binding to HeLa-B and
HEp2 cells. (A) Flow cytometric analysis of MAb IH4 and MAb WEHI binding
to HeLa-B and HEp2 cells. The dotted histogram represents binding of the
isotype-matched MAb, the open histogram represents binding of MAb WEHI
(anti-ICAM-1), while binding of MAb IH4 (anti-DAF) is shown by the closed
histogram. (B) Viral binding to HeLa-B and HEp2 cell monolayers. HEp2 and
HeLa-B cell monolayers in 24-well plates were incubated with radiolabeled
viruses (3 3 104 to 5 3 104 cpm) in serum-free DMEM for 1 h at 37°C. The
amount of virus bound to the cells was determined as described in Materials and
Methods. Results are expressed as viral binding to HEp2 cells as a percentage
relative to binding for HeLa-B cells 6 SD of triplicate wells. (C) Viral binding to
HeLa-B cell monolayers pretreated with MAbs 280 (anti-PVR), IH4, and
WEHI. HeLa-B cell monolayers in 24-well plates were preincubated with MAbs
(20 mg), washed, and then incubated with radiolabeled viruses (2 3 104 to 5 3
104 cpm) as described above. Results are expressed as mean percentage virus
bound to HeLa-B cells relative to the no-MAb control 6 SD of triplicate wells.

FIG. 2. Viral binding to HeLa-B and HEp2 cells following PI-PLC treat-
ment. (A) E7 and CAV21 binding to HeLa-B and HEp2 cell monolayers prein-
cubated with PI-PLC. HEp2 and HeLa-B cells were incubated with PI-PLC (1.0
U/5 3 106 cells), washed, and then incubated with radiolabeled viruses (2 3 104

to 5 3 104 cpm) in serum-free DMEM for 1 h at 37°C. Results are expressed as
the mean percentage of virus bound relative to cell monolayers not pretreated
with PI-PLC 6 SD of triplicate wells. (B) Antibody blockade of E7 and CAV21
binding to PI-PLC pretreated HeLa-B cells. HeLa-B cells that had been pre-
treated with PI-PLC as described above were incubated with MAb 280 or WEHI
prior to addition of purified [35S]methionine-labeled E7 and CAV21 (2 3 104 to
5 3 104 cpm). The results are expressed as the mean percentage of viral binding
relative to the no-MAb control treated cells 6 SD of triplicate wells.

FIG. 3. Transient expression of DAF or ICAM-1 results in binding of
CAV21. Confluent monolayers of CHO cells that had been mock transfected
(CHO-BOS) or were transiently expressing DAF or ICAM-1 were incubated
without antibody or with MAb IA10 (anti-DAF SCR1) or MAb WEHI (20
mg/ml) for 1 h at 37°C prior to addition of purified [35S]methionine-labeled
CAV21 (3 3 104 cpm). Results represent the means of triplicate wells 6 SD.
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These data established that CAV21, in addition to binding to
ICAM-1, can also bind to DAF. Therefore, we used MAb
blockade to map the CAV21 binding region on the DAF mol-
ecule. An anti-SCR-3 DAF MAb failed to block CAV21 bind-
ing to HeLa-B cells (Fig. 1C); therefore, blockade by MAbs to
each of the four SCRs of DAF was tested. Following incuba-
tion for 48 h, the transfected cells were exposed to radiolabeled
CAV21. With the transfected CHO cells, it was found that
MAbs to SCR2, 3-, or 4- of DAF did not inhibit CAV21
binding to cells expressing either DAF or ICAM-1 (data not
shown). However, a MAb to the SCR1 of DAF (IA10) virtually
abolished virus binding to the DAF-expressing cells while hav-
ing no effect on binding to ICAM-1-expressing cells (Fig. 3).
The anti-ICAM-1 MAb inhibited binding to CAV21 only to
the cell expressing ICAM-1 and had no effect on viral binding
to DAF (Fig. 3).

The MAb directed against the first DAF SCR also partially
reduced CAV21 binding to HeLa-B cells and greatly reduced
CAV21 binding to HEp2 cells, while the remaining anti-DAF
MAbs were ineffective on both cell lines (Fig. 4). The combi-
nation of the anti-ICAM-1 MAb together with the anti-DAF
SCR1 MAb abolished residual CAV21 attachment to both
HeLa-B and HEp2 cells. No other combination of anti-ICAM
and anti-DAF MAbs (SCR2-, 3-, or 4-) blocked CAV21 bind-
ing to either cell type (Fig. 4). These data indicate that CAV21

binds to either DAF or ICAM-1 and that the DAF binding
occurs on a region that is on or proximal to the N-terminal
DAF SCR.

Inhibition of CAV21-mediated cell lysis by MAb blockade.
Having identified DAF and ICAM-1 as the components of the
CAV21 attachment complex on the surface of HEp2 and
HeLa-B cells, we investigated the capacity of anti-DAF SCR1
and SCR3 and ICAM-1 domain 1 MAbs to inhibit CAV21 lytic
infection. Confluent monolayers of HEp2 and HeLa-B cells in
microtiter plates were pretreated with either anti-PVR, anti-
DAF (SCR1 or SCR3), or anti-ICAM-1 MAbs or combina-
tions of anti-DAF and anti-ICAM MAbs for 1 h at 37°C before
challenge with 104 TCID50 of CAV21 per well. The results
presented in Fig. 5 indicate that the anti-DAF (SCR1) MAb
alone provided significant protection to HEp2 cells but not
HeLa-B cells. Conversely, the anti-ICAM-1 MAb had little
protective effect on HEp2 cells but partially blocked replica-
tion on HeLa-B cells. However, as expected from the MAb
blockade of binding, the combination of both MAbs afforded
high level protection from CAV21 mediated cell lysis in both
cell lines. The anti-PVR MAb (280), whether used by itself or
in combination with the anti-ICAM-1 MAb, had no effect in
blocking CAV21 lytic infection (Fig. 5). Surprisingly, the anti-
DAF (SCR3) MAb, whether used alone or in combination with
the anti-ICAM-1 MAb, was able to significantly block CAV21
infection on both cell lines (Fig. 5). This result suggested that
DAF and ICAM-1 may be coexpressed in close proximity at
the cell surface, such that binding of the anti-DAF (SCR3)
MAb may form a physical barrier preventing ICAM-1-bound
CAV21 interacting with the cell membrane.

DAF and ICAM-1 are spatially associated on the cell sur-
face. To investigate whether DAF and ICAM-1 were expressed
in close proximity, HeLa-B cells were surface biotinylated,
chemically cross-linked, and immunoprecipitated with anti-
DAF and anti-ICAM-1 MAbs (Fig. 6A). In the absence of
cross-linking, the anti-DAF MAb immunoprecipitated two
polypeptides of 68 and 78 kDa, while the ICAM-1 MAb im-
munoprecipitated a polypeptide of approximately 90 kDa. The
negative control MAb did not recognize any polypeptides cor-
responding to those identified by either anti-DAF or anti-
ICAM-1 MAbs. In all reactions, a band at 87 kDa, probably
representing contaminating transferrin receptor (CD71), was
seen, and two unidentified bands at 66 and 73 kDa were ob-
served. Following cross-linking, immunoprecipitation with the
anti-DAF MAb revealed a polypeptide profile similar to that
obtained from non-cross-linked cells. Immunoprecipitation of
cross-linked cells with the anti-ICAM-1 MAb identified the
ICAM-1 band at 90 kDa also seen in non-cross-linked samples
but also revealed an additional polypeptide of 78 kDa, similar
to that observed in both DAF MAb immunoprecipitates (Fig.
6A). The fact that no detectable ICAM-1 was observed in the

FIG. 4. MAb blockade of CAV21 binding to HeLa-B and HEp2 cells. Con-
fluent monolayers of HeLa-B (A) and HEp2 (B) cells were incubated with
anti-DAF MAbs IA10 (SCR1), VIIIA7 (SCR2), IH4 (SCR3), and IIH6 (SCR4)
alone or in combination with anti-ICAM-1 MAb (WEHI) prior to addition of
purified [35S]methionine-labeled CAV21 (3 3 104 cpm). Results are expressed as
the mean percentage of CAV21 bound relative to the no-MAb control 6 SD of
triplicate wells.

FIG. 5. MAb blockade of CAV21 replication in HeLa-B and HEp2 cells. (A)
Confluent monolayers of HeLa-B and HEp2 cells were incubated with anti-PVR
MAb 280 and anti-DAF MAbs IA10 (SCR1) and IH4 (SCR3), alone or in
combination with anti-ICAM-1 MAb (WEHI), prior to challenge with 104

TCID50 of CAV21 per well. Following incubation for 48 h at 37°C, cell mono-
layers were stained and examined for signs of CAV21 cell lysis.
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cross-linked anti-DAF immunoprecipitate from these cells
may reflect the fact that as DAF is expressed in much greater
levels than ICAM-1 on the surface of HeLa-B cells (Fig. 1A),
a large proportion of cell surface DAF is not associated with
ICAM-1. Therefore to substantiate that a spatial association
exists between DAF and ICAM-1, COS cells transiently ex-
pressing comparable levels of either DAF or ICAM-1 or both
DAF and ICAM-1 were subjected to the same cross-linking
procedure. Following biotinylation and prior to immunopre-
cipitation, transfected COS lysates were precleared with trans-
ferrin-coupled Sepharose beads to remove contaminating
CD71 from the immunoprecipitates (Fig. 6B). Anti-ICAM-1
and anti-DAF MAbs identified only polypeptides correspond-
ing to ICAM-1 (a broad band from 80 to 90 kDa) and DAF
(bands at 70 and 80 kDa), respectively, from the COS cells
cotransfected with DAF and ICAM-1 cDNAs (Fig. 6B). How-
ever, following cross-linking of these cells, immunoprecipita-
tion with either anti-ICAM-1 or anti-DAF MAbs identified
polypeptides corresponding to both DAF and ICAM-1. These
results indicate that DAF and ICAM-1 are coexpressed in
close proximity on the cell surface.

Can DAF mediate a productive CAV21 cell infection? To
address this question, CHO cells either stably or transiently

expressing DAF were inoculated with CAV21 at 1.0 TCID50/
cell. Observation of cells over a 48-h period postinfection (p.i.)
failed to detect cell lysis or changes in cell morphology. Also,
titration of CAV21 yields in these cells at 24 h and 48 h p.i. did
not detect any increase in CAV21 titer compared to the level
observed at 0 h p.i. (data not shown).

This finding may have resulted from the use of hamster cells;
therefore, we determined whether a human cell that expressed
DAF but not ICAM-1 was susceptible to CAV21 infection.
Flow cytometric analysis using anti-DAF and ICAM-1 MAbs
indicated that rhadomyosarcoma (RD) cells might be a suit-
able cell line: although the level of DAF expression on these
cells was found to be lower than on HeLa-B cells, ICAM-1
expression was undetectable (Fig. 7A). Therefore, the CAV21
binding capacity of these cells was assessed and compared to
that of HeLa-B cells. The data shown in Fig. 7B indicate that
CAV21 bound to the surface of RD cells to about 30% of the
level observed for HeLa-B cells and that this attachment could
be reduced to background levels by pretreatment with an anti-
DAF SCR1 MAb. To test for susceptibility to CAV21 infec-
tion, confluent monolayers of RD cells in 24-well plates were
inoculated with CAV21 (1.0 TCID50/cell) and monitored for
signs of lysis and changes in cell morphology over a 48-h
period. No detectable signs of CAV21-induced cell lysis were
observed, and analysis of viral titers at 0, 24, and 48 h p.i.
revealed insignificant levels of viral growth (data not shown).

To establish whether the presence of ICAM-1 was the lim-
iting factor in inducing CAV21-mediated cell lysis, RD cells
were transfected with either ICAM-1 or CD36 cDNA in the
mammalian expression vector pEFBOS or with vector alone.
The relative levels of ICAM-1 and CD36 cell surface expres-
sion were assessed at 48 h posttransfection by using flow cy-
tometry. Approximately 70% of the transfected RD cells spe-
cifically expressed detectable levels of either ICAM-1 or CD36.
The control transfectants (pEFBOS) expressed neither anti-
gen, and expression of either ICAM-1 or CD36 had no effect
on endogenous DAF expression (data not shown). Confluent
monolayers of each of the transfected RD cell populations
were inoculated with CAV21 (1.0 TCID50/cell) and examined
for signs of infection over the next 48 h. As shown in Fig. 7C,
the presence of surface-expressed ICAM-1 facilitated virtually
complete lysis of the cell monolayer by CAV21, while vector-
and CD36-transfected RD cells were unaffected by the virus.

To determine whether DAF played a significant biological
role in CAV21-mediated lysis of ICAM-1-expressing RD cells,
surface DAF was removed from these cells by treatment with
PI-PLC prior to and during infection with CAV21. The fluo-
rescence histograms in Fig. 8A of uninfected cells following the
24-h incubation period at 37°C in the presence or absence of
PI-PLC indicate that PI-PLC treatment reduced DAF levels to
near background while not affecting the expression of either
transfected ICAM-1 or the endogenous PVR. ICAM-1-ex-
pressing RD cells preincubated in the presence or absence of
PI-PLC were infected with fivefold dilutions of stock prepara-
tions of E7, PV2, or CAV21 and following a 24-h incubation
period were examined for signs of cell lysis. Viral titration
curves (Fig. 8B) indicated that PI-PLC treatment of ICAM-1-
expressing RD cells significantly reduced E7-mediated cell ly-
sis, while the lytic effect of PV2 and CAV21 remained unaf-
fected.

DISCUSSION

In this study we show that CAV21 can bind to both DAF and
ICAM-1 and that MAbs directed against the N-terminal do-
mains of DAF and ICAM-1 specifically abolished binding to

FIG. 6. Immunoprecipitation of surface-expressed DAF and ICAM-1 follow-
ing chemical cross-linking. (A) HeLa-B cells were surface biotinylated and im-
munoprecipitated with either an anti-DAF (SCR1) MAb, anti-ICAM-1 MAb, or
control MAb (AK7) prior to (non-cross-linked [NLC]) and following (DSP)
chemical cross-linking. The immunoprecipitates were separated by SDS-poly-
acrylamide gel electrophoresis and transferred electrophoretically to nitrocellu-
lose membranes; streptavidin-biotin-horseradish peroxidase complexes were
used to probe the membrane, and labeled polypeptides were visualized by using
enhanced chemiluminescence (Amersham Life Sciences). The diamond repre-
sents the location of contaminating CD71, while the unidentified bands are
marked by the open arrowheads. (B) COS cells transiently expressing DAF,
ICAM-1, or both were processed as for panel A except that the biotinylated cell
lysates were precleared with transferrin coupled to Sepharose CL46 beads to
remove contamination by the transferrin receptor (CD71). MAb VM58 (anti-
CD36) was used as a negative control.
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CHO-DAF and CHO-ICAM-1 transfectants, respectively. In-
dividually, these antibodies had little, if any effect on binding of
CAV21 to permissive HeLa-B cells (high DAF and ICAM-1
expression), but used in combination, they inhibited viral bind-
ing and replication. Interestingly, in this cell line, the anti-
ICAM-1 MAb did not reduce viral binding but partially
blocked CAV21 lytic infection. Removal of surface DAF from
HeLa-B cells by PI-PLC treatment did not reduce CAV21
binding, but subsequent treatment with an anti-ICAM-1 MAb
significantly reduced CAV21 attachment. In HEp2 cells (high
DAF and low ICAM-1 expression), the anti-SCR1 DAF MAb
used alone significantly blocked CAV21 binding and infection.
As combinations of the anti-DAF and ICAM-1 MAbs com-
pletely block attachment and replication in both HeLa-B and
HEp2 cells, these results suggest possible receptor cooperativ-
ity between DAF and ICAM-1 in CAV21 cell entry.

The existence of a spatial association between DAF and
ICAM-1 was indirectly identified by the capacity of an anti-
DAF (SCR3) MAb to significantly block CAV21 infection
without reducing cell attachment. It was considered that bind-
ing of this MAb to DAF may form a physical barrier preventing
ICAM-1-bound CAV21 from penetrating the cell membrane.
Subsequent chemical cross-linking investigations confirmed
that DAF and ICAM-1 are closely associated on the cell sur-

face. It is interesting that while DAF MAb blockade can block
cell infection by CAV21, it had no effect on that of HRV14
(data not shown). Considering that HRV14 and CAV21 com-
pete for the same binding epitope on ICAM-1, and both vi-
ruses are conformationally altered following ICAM-1 binding,
this finding provides indirect evidence for a functional role of
DAF in the cell entry of CAV21. These data confirm and offer
an explanation for findings from a previous study, which found
that a MAb recognizing a HeLa cell surface protein (now
identified as DAF [2]) could block cell infection by CAV21 but
not by HRV14 (11).

It was therefore important to determine whether DAF could
act independently as an alternate receptor for CAV21 or
whether DAF and ICAM-1 functioned together as a receptor
complex. To address this question, normally nonpermissive
CHO cells were transfected with the cDNA encoding human
DAF and were then inoculated with CAV21; cell lysis or evi-
dence of virus growth was not observed. Additionally, low-
DAF-expressing rhadomyosarcoma (RD) cells that bound
CAV21 were shown to be insusceptible to lytic infection. This
was not simply a function of reduced DAF expression, as these
cells were refractile to infection when surface DAF levels were
increased following transfection with human DAF cDNA (data
not shown). However, transfection of these cells with ICAM-1

FIG. 7. Binding and infection of rhabdomyosarcoma (RD) cells by CAV21. (A) Flow cytometric analysis of binding of MAbs IA10 and WEHI to RD cells. The
dotted histogram represents the binding of the isotype-matched MAb, the open histogram represents the binding of the anti-ICAM-1 MAb (WEHI), and the closed
histogram represents the binding of the anti-DAF MAb (IA10). (B) Monolayers of RD and HeLa-B cells were incubated with MAb IA10 or WEHI prior to addition
of purified [35S]methionine-labeled CAV21 (2 3 104 cpm). Results represent the means triplicate wells 6 SD. (C) CAV21-induced cell lysis of ICAM-1-expressing RD
cells. Monolayers of RD cells expressing either ICAM-1 or CD36 were inoculated with CAV21 (1.0 TCID50/cell). Following incubation for 48 h at 37°C, the cell
monolayers were inspected for signs of cell lysis and then photographed at a magnification of 320 with Kodak Technical Pan 100 ASA film.
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cDNA rendered them highly susceptible to CAV21 lytic infec-
tion. Interestingly, RD cells have been reported as the cell line
of choice for the isolation of group A coxsackieviruses (36) and
have previously been shown to support replication of both
HRVR14 and CAV21 (11). As the cellular receptor for
HRVR14 is ICAM-1, it is probable that some lines of RD cells
express ICAM-1, accounting for their susceptibility to CAV21
infection.

To determine whether the coexpression of DAF and
ICAM-1 had an additive effect on CAV21 cell infection, levels
of cell lysis in ICAM-1-expressing RD cells treated with PI-
PLC were assessed. PI-PLC-mediated removal of DAF from
these cells had no detectable effect on CAV21- or PV2-in-
duced lytic infection, while E7 infectivity was significantly re-
duced. These findings indicate that DAF has little effect on
ICAM-1-mediated CAV21 cell infection; however, as low lev-
els of DAF may have persisted during the PI-PLC treatment,
an involvement of DAF cannot be completely excluded.

The dual receptor binding capacity of CAV21 raises the
question as to whether two separate binding sites for DAF and
ICAM-1 exist. X-ray crystallographic and electron density

mapping studies have indicated that the related enterovirus
CBV3 has two predicated canyon-like structures (32). The first,
which is not as pronounced as that for the well-characterized
rhinoviruses and polioviruses (8, 35), surrounds the pentameric
apex of VP1, while the second is a twofold surface depression
lined with residues from VP2 and VP3. It has been suggested
that the secondary or alternate receptor for CVB3 binds to
epitopes within the second canyon-like structure (32). Extrap-
olating from these findings, it can be postulated that the N
terminus of ICAM-1 might dock into the primary capsid can-
yon of CAV21 (as is the case for HRV14 [8, 29]) and thus
initiate a conformational change, leading to cell infection. In
the case of DAF, the N terminus of the molecule might bind to
an epitope located in the second canyon-like structure, as was
postulated for the binding of CVB3 RD variant to DAF (25,
32), but in this case without facilitating a viral conformational
change. Studies addressing these questions are under way.

What physiological role, if any, does DAF play in the
CAV21 cell entry mechanism? Unlike the cell entry of measles
virus, where either CD46 or moesin can independently medi-
ate infection (37), CAV21 cell entry appears to occur only in

FIG. 8. Replication of E7, PV2, and CAV21 in PI-PLC-treated ICAM-1-expressing RD cells. (A) Flow cytometric analysis of binding of MAbs IA10, WEHI, and
280 to ICAM-1-transfected RD cells pretreated with PI-PLC. The dotted histograms represent the binding of the isotype-matched control MAb, while the closed
histograms represent the binding of the anti-DAF (IA10), anti-ICAM-1 (WEHI), and anti-PVR (280) MAbs, as appropriate. (B) Replication of E7, PV2, and CAV21
in PI-PLC-treated ICAM-1-expressing RD cells. ICAM-1-transfected RD cells in microtiter plates that had been preincubated in the presence or absence of PI-PLC
were inoculated with fivefold dilutions of stock preparations of E7, PV2, and CAV21. Following incubation for 24 h at 37°C, cell monolayers were stained and cell
survival was quantitated as described in Materials and Methods. Results represent mean absorbance readings of triplicate wells 6 SD.
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the presence of ICAM-1. For a productive cell infection by a
human enterovirus, it is generally accepted that a specific re-
ceptor-induced conformational change in the viral capsid is
required (5, 10, 16, 17, 19). Previously, we have shown that
ICAM-1 induces a conformational change in the CAV21 cap-
sid, facilitating entry into mouse cells expressing human
ICAM-1 (39). A possible explanation for the apparent inability
of DAF to mediate productive cell infection by CAV21, there-
fore, may be an inability to induce a specific conformational
change in the CAV21 capsid. While this remains to be tested,
DAF expression is almost ubiquitous throughout the human
body (33), and as DAF and ICAM-1 appear to be surface
expressed in close proximity, it is reasonable to postulate that
DAF may function as an initial low-affinity CAV21 attachment
receptor, thereby providing the virus with a sequestration site
which may also enhance viral presentation for high-affinity
binding to ICAM-1. However, because of the spatial associa-
tion of DAF and ICAM-1 on the cell surface, a possible indi-
rect role for DAF as a biological scaffold, promoting more
efficient presentation of viral binding epitopes on the ICAM-1
molecule, might also be invoked in this process.
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